Economics of Solar Systems by Bell, C.R.





Bell, C.R. (1979) Economics of Solar Systems. IIASA Working Paper. IIASA, Laxenburg, Austria, WP-79-046 Copyright © 
1979 by the author(s). http://pure.iiasa.ac.at/1137/ 
Working Papers on work of the International Institute for Applied Systems Analysis receive only limited review. Views or 
opinions expressed herein do not necessarily represent those of the Institute, its National Member Organizations, or other 
organizations supporting the work. All rights reserved. Permission to make digital or hard copies of all or part of this work 
for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial 
advantage. All copies must bear this notice and the full citation on the first page. For other purposes, to republish, to post on 
servers or to redistribute to lists, permission must be sought by contacting repository@iiasa.ac.at 
NOT FOR QUOTATION 
WITHOUT PERMISSION 
OF THE AUTHOR 
ECONOMICS OF SOLAR SYSTEMS 
C h a r l e s  R o b e r t  B e l l  
J u n e  1979 
WP-79-46 
L e c t u r e  p r e p a r e d  f o r  ISPRA COURSES 
" D e s i g n  a n d  T e c h n o l o g y  o f  S o l a r  H e a t i n g  
a n d  C o o l i n g  S y s t e m s  f o r  B u i l d i n g s " ,  
11-15 June 1 9 7 9 ,  CEC-JRC, ISPRA 
( V a r e s e )  , I t a l y  
Working P a p e r s  are i n t e r i m  r e p o r t s  o n  work o f  t h e  
I n t e r n a t i o n a l  I n s t i t u t e  f o r  A p p l i e d  S y s t e m s  A n a l y s i s  
a n d  h a v e  r e c e i v e d  o n l y  l i m i t e d  review.  Views  o r  
o p i n i o n s  e x p r e s s e d  h e r e i n  d o  n o t  n e c e s s a r i l y  r e p r e -  
s e n t  t h o s e  o f  t h e  I n s t i t u t e  o r  o f  i t s  N a t i o n a l  Member 
O r g a n i z a t i o n s .  
INTERNATIONAL INSTITUTE FOR APPLIED SYSTEMS ANALYSIS 
A - 2 3 6 1  L a x e n b u r g ,  A u s t r i a  

Large  s c a l e  s o l a r  ene rgy  c o n v e r s i o n  f o r  a  v a r i e t y  o f  resi- 
d e n t i a l ,  a g r i c u l t u r a l  and i n d u s t r i a l  u s e s  may emerge a s  a  s i g n i f -  
i c a n t  p a r t  o f  f u t u r e  ene rgy  supp ly  mix on a  g l o b a l  s c a l e .  The 
t i m i n g  f o r  r e a c h i n g  such p o t e n t i a l  depends  upon t h e  management 
o f  s o l a r  t e c h n o l o g y ,  t h e  economics o f  t h e  v a r i o u s  s o l a r  o p t i o n s ,  
and upon t h e  o r g a n i z a t i o n  o f  t h e i r  d i f f u s i o n  i n  t h e  p r o d u c t i v e  
a r e a s  o f  t h e i r  i n t e g r a t i o n  a s  a  v i a b l e  ene rgy  s o u r c e .  
The contemporary  management o f  s o l a r  t echno logy  i s  o f t e n  
t o o  f ragmented  and /o r  d e p a r t m e n t a l i z e d ,  a l l o w i n g  a  l a r g e  v a r i e t y  
o f  c o n c e p t s  t o  e n t e r  t h e  marke t  p r i o r  t o  s e n s i b l e  s t a n d a r d i z a t i o n  
and q u a l i t y  c o n t r o l  measures .  R e t r o f i t  i n s t a l l a t i o n s  t o  e x i s t i n g  
b u i l d i n g s  a r e  r e c e i v i n g  p r imary  a t t e n t i o n ,  a l t h o u g h  t h e  f u l l y  
i n t e g r a t e d  e n e r g y  s u p p l y  sys tems  w i l l  o f f e r  d e c i s i v e l y  b e t t e r  
per formance  and economy. I n  f a c t ,  s e v e r a l  p r e l i m i n a r y  s t u d i e s  
i n d i c a t e  t h a t  l a r g e  s c a l e  i n t e g r a t i o n  o f  s o l a r  ene rgy  c o u l d  be 
i n s t r u m e n t a l  i n  d e c o u p l i n g  f u t u r e  ene rgy  demands from t h e  d e s i r e d  
economic growth t r e n d s ,  which o u g h t  t o  be t h e  u l t i m a t e  o b j e c t i v e  
o f  f u t u r e  e n e r g y  p o l i c i e s .  
S o l a r  t e c h n o l o g y ,  i s  however,  s t i l l  i n  t h e  deve lopmenta l  
s t a g e ,  which makes p r o j e c t i o n s  o f  i t s  c o m p e t i t i v e n e s s  and u t i l i t y  
i n  t h e  f u t u r e  t o o  s p e c u l a t i v e .  The l a c k  o f  a c t u a l  e x p e r i e n c e s  
w i t h  l o n g  t e r m  r e l i a b i l i t y  o f  s o l a r  s y s t e m s ,  t h e i r  o p e r a t i n g  and  
maintenance  c o s t ,  and t h e  a b s e n c e  o f  d a t a  f o r  r e a l i s t i c  compari-  
son  w i t h  o t h e r  a l t e r n a t e  e n e r g y  sys tems ,  a r e  among t h e  c o n s t r a i n -  
i n g  f a c t o r s  f o r  p r a g m a t i c  e v a l u a t i o n  o f  economics.  
The h e r e b y  o u t l i n e d  "economics o f  s o l a r  sys tems"  i s ,  t h e r e -  
f o r e ,  o n l y  an i n t e r i m  e f f o r t  t o  s t i m u l a t e  i n t e r e s t  i n  t h e  s t a t e -  
o f - t h e - a r t  a p p l i c a t i o n  o f  s o l a r  ene rgy  f o r  r e s i d e n t i a l  s p a c e  and 
w a t e r  h e a t i n g ,  and i t s  p o s s i b l e  marke t  e v o l u t i o n  i n  t h e  C o u n t r i e s  
o f  t h e  European Economic Community (EEC) . 
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ECONOMICS OF SOLAR SYSTEMS 
C h a r l e s  Rober t  B e 1  1 
INTRODUCTION OF SOLAR ENERGY POTENTIAL 
Cons ide r ing  t h e  long-term a s p e c t s  o f  d e s i r a b l e  ene rgy  p o l i -  
cies f o r  r e s i d e n t i a l  and s m a l l  commercial b u i l d i n g  s e c t o r s ,  a  
v i a b l e  a l t e r n a t i v e  emerges c a l l i n g  f o r  g r a d u a l  s u b s t i t u t i o n  o f  
c o n v e n t i o n a l  o i l  o r  g a s  h e a t i n g  by s y s t e m a t i c  i n t e g r a t i o n  o f  
s o l a r  h e a t i n g  (and c o o l i n g ,  where a p p l i c a b l e )  sys tems .  T h i s  
would r e d u c e  t h e  energy  supp ly  r e q u i r e m e n t  t o  e lec t r i c  power f o r  
heat-pump o p e r a t i o n  and f o r  emergency h e a t i n g .  Moreover,  it w i l l  
p e r m i t  e f f i c i e n t  u t i l i z a t i o n  o f  heavy o i l s  and o f  a  v a r i e t y  o f  
f u t u r e  s y n t h e t i c  f u e l s  i n  c e n t r a l  p o w e r p l a n t s ,  where a p p r o p r i a t e  
o p e r a t i n g  and main tenance  measures  can  be a p p l i e d  t o  i n c r e a s e  e f -  
f i c i e n c y  and minimize p o l l u t i o n .  The heavy o i l s  and s y n t h e t i c  
f u e l s  a r e  g e n e r a l l y  n o t  s u i t a b l e  f o r  s m a l l e r  r e s i d e n t i a l  h e a t i n g  
sys tems.  
The i n t e g r a t i o n  of  heat-pumps w i t h  s o l a r  ene rgy  sys tems and 
wi th  h e a t  r e c o v e r y  d e v i c e s  compensates  f o r  t h e  e f f i c i e n c y  l i m i -  
t a t i o n s  o f  c e n t r a l  p o w e r p l a n t s ,  by d e l i v e r i n g  f o r  e a c h  u n i t  o f  
e l ec t r i c  power t h r e e  t o  f i v e  u n i t s  o f  t h e r m a l  e n e r g y ,  w h i l e  f a -  
c i l i t a t i n g  h e a t  r e c o v e r y  and h e a t  g a i n  from t h e  envi ronment .  
T h i s  w i l l  s i g n i f i c a n t l y  r e d u c e  consumption o f  f o s s i l  f u e l s  and 
a s s i s t  i n  r e d u c t i o n  o f  p o l l u t i o n  a s  w e l l .  
The sys tems  and components needed f o r  l a r g e - s c a l e  i n t e g r a -  
t i o n  o f  s o l a r  h e a t i n g  sys tems and heat-pumps a r e  s t i l l  i n  t h e  
development s t a g e .  The r e l i a b i l i t y ,  l i f e t i m e  and economic re- 
qui rements  o f  such  sys tems  a r e  s u b j e c t  t o  many u n c e r t a i n t i e s ,  
and t h e  f u t u r e  p r i c e s  and o p e r a t i n g  c o s t s  o f  competing energy  
sys tems a r e  a l s o  mere ly  a  v a r i e t y  o f  e s t i m a t e s .  N e v e r t h e l e s s ,  
i t  i s  viewed a s  c e r t a i n  t h a t  s o l a r  ene rgy  sys tems w i l l  make an  
i n c r e a s i n g  c o n t r i b u t i o n  t o  mee t ing  f u t u r e  energy  r e q u i r e m e n t s .  
Those w i t h  i n c r e a s i n g  v i a b i l i t y  a r e :  
-- low-temperature s o l a r - t h e r m a l  sys tems 
-- i n d u s t r i a l  ~ r o c e s s  h e a t  s u m l v  svs tems 
-.. A a 
-- s o l a r - t h e r m a l - e l e c t r i c  convers ion  sys tems 
-- d i r e c t s o l a r - e l e c t r i c  conve r s ion  sys tems.  
A s u p p o r t a b l e  s c e n a r i o  f o r  s y s t e m a t i c  market  p e n e t r a t i o n  o f  s o l a r  
sys tems i n  b u i l d i n g s  i s  shown i n  Tab le  1. The c a t e g o r i e s  i d e n t i -  
f i e d  i n  t h i s  overview a r e  based on t h e  1978 s t a t e - o f - t h e - a r t  of  
s o l a r  t echno logy ,  p r o j e c t e d  th rough  t h e  y e a r  2000, a t  which t i m e  
o t h e r  i n n o v a t i o n s  may p r o v i d e  new o p t i o n s ,  some perhaps  beyond 
o u r  c u r r e n t  i m ag i n a t i o n .  
Near t h e  end o f  t h e  mid-term t i m e  p e r i o d ,  combined the rmal  
and p h o t o v o l t a i c  a r r a y s  a r e  e nv i s i oned  a s  a  p o s s i b i l i t y ,  t o g e t h e r  
w i t h  i n n o v a t i v e  energy s t o r a g e  sub-systems,  t h a t  would f a c i l i t a t e  
l o a d  l e v e l i n g  f o r  t h e  u t i l i t i e s ,  a s  w e l l  a s  t o  f u r t h e r  r educe  t h e  
energy r e q u i r em en t s  f o r  t h e  r e s i d e n t i a l  and sma l l  commercial 
energy consumers. I n c r e a s i n g  u se  o f  s o l a r  sys tems i n  a g r i c u l t u r e  
and i n d u s t r y  w i l l  b e n e f i t  t h e  c o s t  e v o l u t i o n  o f  s o l a r  sys tems by 
broadening t h e  market  and s t i m u l a t i n g  l a r g e - s c a l e  p r o d u c t i o n  o f  
s o l a r - s p e c i f i c  hardware,  t h a t  w i l l  have f a v o r a b l e  e f f e c t s  on c o s t  
r e d u c t i o n .  
Table  1 .  Evo lu t ion  o f  s o l a r  sys tems i n  b u i l d i n g s .  
Time p e r i o d  S o l a r  energy system c a t e g o r i e s  
1980-1 985 R e t r o f i t s  and g r a d u a l l y  i n t e g r a t e d  s o l a r -  
(near- term)  the rmal  sys tems f o r  r e s i d e n t i a l  and commercial b u i l d i n g s ,  w i t h  conven t i ona l  h e a t i n g  back-up, 
and g r a d u a l  phas ing  i n  o f  heat-pumps. 
1985-1995 Optimized,  i n t e g r a t e d  so l a r - t he rma l  sys tems 
(mid- t e r m )  f o r  r e s i d e n t i a l ,  commercial,  and i n d u s t r i a l  b u i l d i n g s  u s i n g  s t a n d a r d i z e d  components, hea t -  
pumps and e lec t r i c  h e a t i n g  back-up. 
1995 E beyond Optimized,  i n t e g r a t e d  and s t a n d a r d i z e d  s o l a r -  
( long-term) the rmal  sys tems  and heat-pumps, f o r  broad 
spect rum o f  a p p l i c a t i o n s  w i t h  i n c r e a s i n g  u se  
o f  p h o t o v o l t a i c  a r r a y s  f o r  a i r  c i r c u l a t i o n ,  
v e n t i l a t i o n ,  c o n t r o l  and o t h e r  supp lementa l  
f u n c t i o n s .  
METHODOLOGY FOR ECONOMIC EVALUAT I O N  
OF SOLAR SYSTEMS I N  BUILDINGS 
Numerous a t t e m p t s  have been made t o  p rov ide  c l e a r e r  v i s i b i l -  
i t y  on t h e  economics o f  s o l a r  sys tems.  Ana ly s i s  o f  r e p r e s e n t a -  
t i v e  c a s e s  shows t h a t  t h e  developmental  and fo rma t ive  phase  of 
s o l a r  technology y i e l d e d  such a  l a r g e  v a r i e t y  of concep t s  and 
e a r l y  g e n e r a t i o n  hardware ,  t h a t  a c c u r a t e  assessment  o f  t h e  eco- 
nomic a s p e c t s  o f  t h e  many s o l a r  o p t i o n s  i s  imposs ib l e .  However, 
s u f f i c i e n t l y  c l o s e  e s t i m a t e s  can be  made t o  i d e n t i f y  t h e  f u t u r e  
v i a b i l i t y  of t h e  more mature  s o l a r  o p t i o n s ,  based on i n c r e a s i n g  
e x p e r i en ce  o f  t h e i r  a p p l i c a t i o n ,  and on t h e  i n c r e a s i n g  c a p i t a l ,  
o p e r a t i n g  and s o c i a l  c o s t  o f  t h e  conven t i ona l  energy  sys tems .  
While it i s  t o o  soon t o  r e a l i s t i c a l l y  a s s e s s  t h e  c o s t  o f  a l l  
s o l a r  o p t i o n s ,  s i n c e  t h e r e  a r e  many promis ing b u t ,  a s  y e t ,  unex- 
p l o r e d  co n cep t s  t o  be b rought  t o  t h e  expe r imen t a l  and v e r i f i c a -  
t i o n  s t a g e ,  t h e  low t em p e ra tu r e  o p t i o n s  f o r  wa t e r  and space  h e a t -  
i n g  i n  b u i l d i n g s  a r e  s u f f i c i e n t l y  developed t o  e n t e r  t h e  phase  
o f  -commercial u se .  During t h e  1977 lspra Courses [ 11 t h e -  economic 
assessments  f o r  low t em p e ra tu r e  s o l a r  o p t i o n  i n  t h e  r e s i d e n t i a l  
s e c t o r  assumed a  r a t h e r - g r a d u a l  d e c r e a s e  o f  s o l a r  hardware c o s t ,  
and c o n t i n u i n g  i n c r e a s e s  o f  oi.1 p r i c e s .  The r e c e n t  e v e n t s  (1979) 
have shown c o n s i d e r a b l y  more f a v o r a b l e  c o n d i t i o n s  f o r  market  
p e n e t r a t i o n  o f  s o l a r  sys tems ,  p rov id ing  t h a t  adequa te  a t t e n t i o n  
i s  g i v en  t o  f a c t o r s  i n f l u e n c i n g  t h e  economics o f  s o l a r  sys tems.  
Among t h e s e  a r e :  
-- p r o p e r  l o c a t i o n  and o r i e n t a t i o n  o f  b u i l d i n g s ,  t o  maxi- 
mize s o l a r  exposure .  
-- energy  e f f i c i e n t  f l o o r  p l an ;  squa re  f l o o r  p l a n  i s  
u s u a l l y  advantageous .  
-- opt imized  i n s u l a t i o n  o f  w a l l s ,  windows, f l o o r s  and r o o f .  
-- u se  o f  h e a t - r e f l e c t i n g  doub le  pane g l a s s  windows where 
advantageous .  
-- l o c a t e  fewer and/or  s m a l l e r  windows i n  t h e  nor th -wal l  
t o  reduce  h e a t  l o s s e s .  
-- use  a p p r o p r i a t e  o u t s i d e  c o l o r i n g s  o f  w a l l s  and roof  f o r  
g i v en  environment ( i . e . ,  l i g h t  c o l o r s  i n  h o t  r e g i o n s ) .  
-- l o c a t e  h o t  wa te r  t a n k  i n  t h e  s o u t h  f a c i n g  p a r t  o f  t h e  
b u i l d i n g  and c l o s e  t o  where t h e  h o t  wa t e r  i s  needed;  
co n v e r se l y  r e f r i g e r a t o r  and f r e e z e r  away from s o u t h  
f a c i n g  w a l l s .  
Obviously ,  such measures a r e  f e a s i b l e  mainly  w i t h  newly planned 
b u i l d i n g s ,  and n o t  s o  much f o r  r e t r o f i t  i n s t a l l a t i o n s  o f  s o l a r  
systems i n  e x i s t i n g  b u i l d i n g s .  T h i s  b r i n g s  up t h e  f a c t  t h a t  r e -  
t r o f i t  i n s t a l l a t i o n s  seldom approach nea r  optimum o r i e n t a t i o n  
and i n t e g r a t i o n  r eq u i r em en t s ,  and may t u r n  marg ina l  i n  economic 
performance,  a s  w e l l  a s  i n  appearance .  The f u t u r e  o f  s o l a r  sy s -  
t e m s  i s  i n  i n t e g r a t e d  c o n f i g u r a t i o n s ,  where t h e  o v e r a l l  p e r f o r -  
mance i s  a  r e s u l t  o f  combining s e l e c t e d  h e a t i n g  sys tems  w i t h  
o t h e r  e lements  o f  t h e  b u i l d i n g .  For example, t h e  c o l l e c t o r s  
become an i n t e g r a l  p a r t  o f  t h e  roo f  ( o r  w a l l s ,  o r  windows),  pro-  
v i d i n g  s h e l t e r ,  i n s u l a t i o n  a s  w e l l  a s  h e a t .  C u r r e n t  e s t i m a t e s  
i n d i c a t e  t h a t  such a  co n cep t  f o r  a  s i n g l e  f ami ly  house  may become 
a v a i l a b l e  f o r  abou t  4600,-EUA* (1978 moneys) ,  p r o v i d i n g  mass pro-  
d u c t i o n  and s t a n d a r d i z a t i o n  r equ i r emen t s  a r e  m e t .  Such houses  
would have o n l y  e l e c t r i c h e a t i n g  a s  a  back-up. 
The c o s t  r e d u c t i o n  e s t i m a t e s  f o r  s o l a r  s p e c i f i c  hardware 
a r e  based on t h e  u s e  of  e x p e r i e n c e  c u r v e s ,  a p p l i c a b l e  f o r  l a r g e  
volume mass p r o d u c t i o n  o f  s t a n d a r d i z e d  hardware.  For example, 
each t i m e  t h e  p r o d u c t i o n  o f  a  g iven  component ( o r  sub-system) i s  
doubled,  a  c o s t  r e d u c t i o n  o f  15 p e r c e n t  shou ld  be a t t a i n a b l e  
( i . e . ,  85% l e a r n i n g  cu r v e  t r e n d ) .  Using au tomot ive  examples**, 
an a t t a i n a b l e  lower l i m i t  o f  hardware p roduc t i on  c o s t  o f  3,-EUA/kg 
(1978) and a  r e t a i l  c o s t  o f  4,60 EUA/kg hardware a r e  set .  T h i s  
i n c l u d e s  i n s t a l l a t i o n  c o s t ,  which i s  s imply  an inc rement  o f  t h e  
b u i l d i n g  c o n s t r u c t i o n  c o s t .  F u r t h e r  c o s t  r e d u c t i o n s  ought  t o  be 
o b t a i n a b l e  i n  c a s e  o f  p r e - f a b r i c a t e d  b u i l d i n g s ,  i n  which c a s e  
most o f  t h e  i n s t a l l a t i o n  work i s  performed a t  a  f a c t o r y ,  r a t h e r  
t ha n  on a  b u i l d i n s  c o n s t r u c t i o n  s i te .  
I n  t h e  near- term and i n  t h e  e a r l v  p a r t  o f  t h e  mid-term t i m e  
p e r i o d  a  v a r i e t y  o f  r e t r o f i t  i n s t a l l a t i b n s  w i l l  dominate  t h e  ap- 
p l i c a t i o n  o f  s o l a r  sys tems.  Tab le  2  p r o v i d e s  a  method of  p rac -  
t i c a l  e v a l u a t i o n  o f  an n u a l  c o s t  of  c a p i t a l  i nves tmen t  a t  a  t y p i -  
c a l  r ange  o f  i n t e r e s t  r a t e s .  The r e p r e s e n t a t i v e  annua l  c o s t  f a c -  
t o r s  o f f e r  a  r a p i d  comparison o f  economics f o r  t h e  v a r i o u s  h e a t -  
i n g  sys tems (see a l s o  SAMPLE CASES.., p a g e l l )  based on t h e  s t u d y  
f o r  t h e  F e de r a l  Republ ic  o f  Germany [ 2 , 3 ] .  A s  t h e  o b j e c t i v e  o f  
t h a t  s t u d y  was t o  i d e n t i f y  t h e  ways and means f o r  i n t e n s i f i e d  u s e  
o f  s o l a r  e ne r g y ,  t h e  r e t r o f i t  i n s t a l l a t i o n s  w e r e  viewed a s  essen-  
t i a l  f o r  such  a n  o b j e c t i v e .  Two t y p i c a l  r e t r o f i t  s o l a r  sys tems 
f o r  s i n g l e  fami ly  houses  w e r e  s e l e c t e d :  
( 1 )  S o l a r  w a t e r  h e a t i n g  w i t h  8m2 c o l l e c t o r  s u r f a c e ;  u n i t  
p r i c e  1900,- t o  3000,-EUA; o r  237,- t o  3 7 5 , - ~ ~ ~ / m ~  
system p r i c e ,  i n s t a l l e d .  The ave rage  s av ing  o f  h e a t i n g  
o i l  ( i n  FRG r e g i o n )  was e s t i m a t e d  t o  be abou t  1000 
l i t e r s / y e a r .  
( 2 )  Solar w i t h  35m2 c o l l e c t o r  su r -  
f a c e ;  u n i t  p r i c e  5700,- t o  9500,-EUA; o r  163 t o  272,- 
E U A / ~ ~  sys tem p r i c e ,  i n s t a l l e d .  Al ready ,  t h e  economy 
of s c a l e  was v i s i b l e .  The ave rage  s a v i n g s  o f  h e a t i n g  
o i l  ( i n  FRG r e g i o n )  w e r e  e s t i m a t e d  t o  b e  abou t  1538 
l i t e r s / y e a r .  
These (1977) e s t i m a t e s  f o r  t h e  r e f e r e n c e  sys tems w e r e  based on  
65% annua l  e f f i c i e n c y  of  ( o i l )  f o r  space  and wate r  h e a t i n g ,  and 
20% e f f i c i e n c y  o f  ( o i l )  wa te r  h e a t i n g  i n  t h e  summer months. The 
r e f e r e n c e  b u i l d i n g  was assumed w e l l - i n s u l a t e d ,  r e q u i r i n g  25MWh(t) 
o f  h e a t i n g  p e r  y e a r  (=  46 ,3  MWh(t) pr imary e n e r g y ) .  Al ready ,  
* European U n i t s  of Accounting ( t a k e n  a s  e q u i v a l e n t  t o  US$1,25).  
* *  Based on 12 s t a n d a r d  au tomobi les  of  1977 p roduc t i on ,  from 
C i t r o e n  2CV4 t o  VW1200. 
T a b l e  2 .  -- E v a l u a t i o n  o f  a n n u a l  c o s t  o f  c a p i t a l  i n v e s t m e n t  a t  
g i v e n  i n t e r e s t  r a t e s .  
-- Annual cost  f a c t o r ,  f  = 1  ( 1  + i)" 
C ( 1  + i l n  
I n t e r e s t  
r a t e s  Number of  y e a r s  ( t o  pay b a c k )  : 
( 1 1  n  = 5 a  10a 15a 20a 25a 30a 
-- Annual  c o s t  o f  c a p i t a l  i n v e s t m e n t  = c a p i t a l  i n v e s t m e n t  C 
EXAMPLE: S o l a r  s p a c e  a n d  water h e a t i n g  s y s t e m  f o r  a s i n g l e  
f a m i l y  h o u s e ,  p r i c e d  a t  6000 EUA*, f i n a n c e d  f o r  1 5  
y e a r s  @ 7 ,5$  i n t e r e s t  would c o s t  
I f  t h e  s y s t e m  r e d u c e s  h e a t i n g  o i l  consumpt ion  by  
2000 l i t e r s / y e a r  @ 0 , 2 0  E U A / l i t e r ,  i t s  a n n u a l  c o s t  
w i l l  b e  a b o u t  280 EUA + m a i n t e n a n c e  c o s t ,  i f  a n y .  
Shou ld  t h e  h e a t i n g  o i l  p r i c e  become 0 , 4  E U A / l i t e r ,  
s u c h  a s y s t e m  would b e  e a r n i n g  120 EUA/year - 
m a i n t e n a n c e  cos t ,  i f  a n y .  
* 1 , 0 0  EUA t a k e n  as US$1,25. 
d u r i n g  1978, t h e  market  f o r  s o l a r  sys tems e x h i b i t e d  more competi-  
t i v e  p r i c e s ,  a l t h o u g h  f a r  from b e i n g  c o m p e t i t i v e  w i t h  o i l  h e a t i n g  
sys tems.  The lower e s t i m a t e s  i n  each c a s e  r e p r e s e n t e d  t h e  f u t u r e  
p r i c e s ,  w h i l e  t h e  h i g h e r  ones  w e r e  c l o s e r  t o  t h e  l a t e  1977 a v e r a g e s  
on t h e  FRG marke t .  E a r l y  i n  1979 i n c r e a s i n g  emphasis  on heat-pump 
a p p l i c a t i o n s  i n i t i a t e d  a  t r e n d  t h a t  may prove  v i a b l e  i n  t h e  f u t u r e  
because  it c o u l d  u l t i m a t e l y  e l i m i n a t e  t h e  need f o r  c o n v e n t i o n a l  
back-up h e a t i n g  sys tems ,  and g r a d u a l l y  r e d u c e  t h e  r e s i d e n t i a l  
ene rgy  supp ly  t o  e lec t r ic  power, t h u s  r e d u c i n g  p o l l u t i o n  and 
f a c i l i t a t i n g  t h e  consumption o f  heavy h e a t i n g  o i l s  ( s a v i n g  r e f i n -  
i n g  e n e r g y )  and f u t u r e  s y n t h e t i c  f u e l s  . ( t o o  d i f f i c u l t  and /o r  t o o  
dangerous  t o  u s e  i n  h o u s e h o l d s ) .  T h i s  w i l l  a l s o  f a c i l i t a t e  l o a d  
l e v e l i n g  o p p o r t u n i t i e s  f o r  t h e  c e n t r a l i z e d  u t i l i t i e s ,  because  t h e  
heat-pumps can r e c h a r g e  t h e  h e a t - s t o r a g e  ( t a n k s )  d u r i n g  t h e  n i g h t  
hours .  Such p o s s i b i l i t i e s  a r e  n o t  o n l y  enhanc ing  t h e  long- term 
economics o f  s o l a r  s y s t e m s ,  b u t  s u g g e s t  c o n s i d e r a t i o n s  by e n e r g y  
p o l i c y  makers ,  b e c a u s e  a n  a p p r o p r i a t e  ene rgy  a n a l y s i s  o f  such  con- 
c e p t s  would i n d e e d  c o n t r i b u t e  t h e  p o l i c y  making i n s t r u m e n t s ,  a s  
s u g g e s t e d  by Malcolm S l e s s e r  [ 4 ] .  Economics cY£ s o l a r  s y s t e m s  
f u l l y  i n t e g r a t e d  i n  b u i l d i n g  c o n s t r u c t i o n  woul'd y i e l d  r e d u c t i o n  
o f  t h e  c a p i t a l  ( and  m a t e r i a l s )  i n t e n s i v e  n a t u r e  of  s o l a r  ene rgy  
c o n v e r s i o n  f o r  low t e m p e r a t u r e  supp ly  t o  s p a c e  h e a t i n g .  For  
houses  hav ing  a  v e r y  l o n g  s u r v i v a b i l i t y ,  t h e  l i f e t i m e  c o s t  i n  
t e r m s  o f  t o t a l  ene rgy  ( a s  i n  [ 4 ] )  c o u l d  be  s u b s t a n t i a l l y  r educed  
by i n t e g r a t e d  s o l a r  sys tems  and heat-pumps, a s  soon a s  t h e s e  sys -  
t e m s  a r e  f u l l y  m a t u r e .  
A r a t h e r  comprehensive a n a l y s i s  of  t h e  economic f e a s i b i l i t y  
of s o l a r  w a t e r  h e a t i n g  was made by R.  Tornkins e t  a l . ,  f o r  t h e  
United Kingdom [ 5 ] .  While t h e  c o n v e n t i o n a l  economic a p p r a i s a l  i n  
t h i s  (1976) work was n o t  v e r y  encourag ing  because  o f  t h e  l o n g  pay- 
back p e r i o d s  f o r  t h e  s o l a r  s y s t e m s ,  t h e  energy  a n a l y s i s  y i e l d e d  
f a v o r a b l e  pay-back, showing t h a t  s o l a r  w a t e r  h e a t e r s  a r e  e f f e c t i v e  
c o n s e r v a t i o n  d e v i c e s  f o r  non-renewable e n e r g y .  The a v e r a g e  1977 
p r i c e  o f  s o l a r  w a t e r  h e a t i n g  sys tems  was e q u i v a l e n t  t o  a b o u t  
800,- EUA ( 4 m 2  o f  c o l l e c t o r  s u r f a c e )  b u t  t h e  c o n v e n t i o n a l  e n e r g y  
c o s t  was t o o  low a t  t h a t  t i m e  t o  s t i m u l a t e  l a r g e - s c a l e  i n t e r e s t :  
t h i s  i s ,  of  c o u r s e ,  chang ing .  The i m p o r t a n t  a s p e c t s  of Tomkins' 
work a r e  i n  t h e  r e c o g n i t i o n  o f  t h e  need t o  v a l i d a t e  m a n u f a c t u r e r s  
d a t a  and d e v i s e  " c r e d i b i l i t y  r a t i o s " ;  o v e r  a  t h i r d  of  t h e  reviewed 
m a n u f a c t u r e r s  c l a i m s  proved t o  be  c l e a r l y  u n a t t a i n a b l e .  The IIASA 
s t u d i e s  i n d i c a t e d  even h i g h e r  p r o p o r t i o n s  o f  u n r e a l i s t i c  c l a i m s ,  
l e a d i n g  t o  v e r y  time-consuming e f f o r t s .  
A d e t a i l e d  s t a t e - o f - t h e - a r t  e v a l u a t i o n  was made i n  t h e  FRG 
d u r i n g  1976/78 t i m e  p e r i o d  [6] t o  d e v e l o p  a n  o p t i m i z a t i o n  a i d  f o r  
s o l a r  technology a p p l i c a t i o n s .  Here t o o ,  it was e s t a b l i s h e d  t h a t  
t h e  v a r i e t y  o f  d e s i g n  and p r i c i n g  c o n c e p t s  a s  w e l l  a s  v o i d s  i n  
e s s e n t i a l  i n f o r m a t i o n  make a  g e n e r a l i z e d  o p t i m i z a t i o n  methodology 
i m p o s s i b l e .  Each a p p l i c a t i o n  c a s e  must b e  e v a l u a t e d  i n d i v i d u a l l y ;  
b u t  even t h e n  t h e  a b s e n c e  o f  l o c a l  i n s o l a t i o n  d a t a ,  t h e i r  v a r i a -  
t i o n s ,  and o t h e r  u n c e r t a i n t i e s  make t r u e  o p t i m i z a t i o n  i m p o s s i b l e .  
P r i c e s  o f  f l a t  p l a t e  c o l l e c t o r s  ranged from a n  e q u i v a l e n t  o f  
76,-EUA t o  223,-EUA f o r  d o u b l e  g l a z e d  t y p e s ,  and from 57,-  t o  
143,- EUA f o r  s i n g l e  g l a z e d  t y p e s .  s p e c i f i c  p r i c e s  f o r  h o t  w a t e r  
s t o r a g e  t a n k s  v a r i e d  from 2,12 E U A / l i t e r  t o  3 ,73  E U A / l i t e r  f o r  
300 l i t e r  u n i t s ;  from 1,77 ~ U A / l i t e r  t o  2,48 ÿ liter f o r  1000 
l i t e r  u n i t s ;  and from 1,31 E U A / l i t e r  t o  52,27 EUA/l i ter  f o r  3000 
l i t e r  u n i t s .  C o n t r o l l e r s  f o r  s o l a r  sys tems  ranged from 57, -  EUA 
t o  228,- EUA each ,  etc .  
I t  i s  obvious  t h a t  t h e  s o l a r  sys tems c o s t  r e d u c t i o n  p o t e n t i a l  
i s  l i m i t e d  by t h e  m a t e r i a l s  i n t e n s i v e  c h a r a c t e r i s t i c s  of  t h e  c o l -  
l e c t o r s ,  and t h e  amount o f  energy r e q u i r e d  i n  t h e i r  p roduc t i on ,  
p roce s s in g  and i n s t a l l a t i o n .  Aluminum s t r u c t u r e s  a r e  n e a r l y  t e n  
t i mes  a s  energy i n t e n s i v e  pe r  u n i t  weight  a s  s t e e l  s t r u c t u r e s ,  
which s u g g e s t s  a  comprehensive hardware r e c y c l i n g  program a s  a  
p e r i p h e r a l  r equ i rement  t o  l a r g e - s c a l e  u s e  o f  s o l a r  sys tems.  The 
i n c r e a s i n q  energy p r i c e s  w i l l  s ubs e que n t l y  have s i g n i f i c a n t  e f -  
f e c t  on p;ices of s o l a r  s p e c i f i c  hardware, 
Another i n f l u e n t i a l  v a r i a b l e  ( ne x t  t o  v a r i e d  i n s o l a t i o n  
v a l u e s )  i s  t h e  s o l a r  energy c onve r s ion  e f f i c i e n c y  o f  t h e  c o l l e c -  
t o r s ,  which may r an q e  on an annua l  b a s i s  from 19% t o  ove r  40%. 
I n  t h e  c e n t r a l -  ~ u r o G e a n  c l i m a t e .  t h i s  r e n r e s e n t s  a  h e a t i n s  o i l  
s u b s t i t u t i o n  v a l u e  i rom abou t  30 l i t e r s / k 2 - y e a r  t o  n e a r l y d 6 7  
l i t e r s / m l - y e a r  f o r  s p ace  and w a t e r  h e a t i n g  sys tems w i th  abou t  7m3 
of  ho t  w a t e r  s t o r a g e  c a p a c i t y .  Th i s  i s  l i m i t e d  by t h e  unused 
energy t h a t  i s  c o l l e c t e d  du r ing  t h e  summer months b u t  canno t  be 
used-because  of t h e  c o n s t r a i n t s  o f  s t o r a g e  c a p a c i t i e s .  Larger  
h o t  wa t e r  s t o r a g e  and h i g h e r  o v e r a l l  sys tem performance i n  more 
f a v o r a b l e  i n s o l a t i o n  a r e a s  can  y i e l d  a p p r e c i a b l y  h i g h e r  v a l u e s .  
Th i s  was i l l u s t r a t e d  i n  a  r e c e n t l y  pub l i s he d  s y n t h e s i s  o f  s o l a r  
o p t i o n s  f o r  C e n t r a l  Europe [ 7 ] ,  and i n  t h e  s t udy  o f  s o l a r  o p t i o n s  
f o r  t h e  European Economic Community [ 8 ] .  The g l o b a l  i n s o l a t i o n  
i n  Europe between 550N l a t i t u d e  and 400N l a t i t u d e ,  i s  from about  
880 t o  1680 k~h( t ) /m2- :7ear  r e s p e c t i v e l y .  The r e s p e c t i v e  s unsh ine  
d u r a t i o n s  a r e  1325 hours /year  t o  2260 hours /year  and t h e i r  d i s t r i -  
b u t i o n  among t h e  w i n t e r ,  summer and t r a n s i t i o n a l  months v a r y  
widely .  T h i s  h a s ,  o f  c o u r s e ,  d e c i s i v e  i n f l u e n c e  on t h e  d e s i g n  
performance o f  t h e  s o l a r  sys tems and t h e i r  economic v i a b i l i t y .  
A model w i t h  economic, i n d u s t r i a l  and s o c i a l  i n d i c a t o r s  shows 
t h a t  n e a r l y  two m i l l i o n  new d w e l l i n g s  a r e  c o n s t r u c t e d  i n  t h e  
c o u n t r i e s  of  t h e  EEC p e r  y e a r .  I f  12% o f  t h e s e  dw e l l i ngs *  c ou ld  
c o n t a i n  i n t e g r a t e d  s o l a r  sys tems p e r  y e a r  t h e  a nnua l  h e a t i n g  o i l  
s a v i n g s  cou ld  r each  over  9 m i l l i o n  b a r r e l s  t h e  f i r s t  y e a r  and 
t h e i r  m u l t i p l e  t h e r e a f t e r .  The c a p i t a l  e x p e n d i t u r e  f o r  such e f -  
f o r t  would p robab ly  exceed i n i t i a l l y  1 , 40 (109 )  EUA/year and 
s t a b i l i z e  n e a r  1  ,10 (1 09)  EUA/year ( 1  978 moneys) i n  s e v e r a l  y e a r s .  
The f u l l  economic, i n d u s t r i a l  and s o c i e t a l  impact  o f  such change 
would n o t  be e x c e s s i v e .  
To i l l u s t r a t e  f u r t h e r  t h e  economic s c a l e  o f  t h e  t r a n s i t i o n  
from a  t y p i c a l  c o n v e n t i o n a l  (1978) b u i l d i n g  t o  one w i t h  a  f u l l y  
i n t e g r a t e d  s o l a r  sys tem ' ( a f t e r  1985) and heat-pump, Tab le  3  pro-  
v i d e s  a  comparison o f  customary and a t t a i n a b l e  v a l u e s .  
Loca t i o n ,  c l i m a t i c  c o n d i t i o n s ,  house d e s i g n ,  l i f e  s t y l e  o f  
occupan t s ,  e tc . ,  c a u s e  u n p r e d i c t a b l e  v a r i a t i o n s  o f  such e s t i m a t e s .  
The comparison d o e s ,  however, i l l u s t r a t e  t h e  economic v a l u e s  t o  
* Pe rcen t ag e  o f  d w e l l i n g s  c ons ide r e d  s u i t a b l e  f o r  i n t e g r a t i o n  o f  
s o l a r  sys tems .  
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Tab le  3. Comparison o f  v a r i o u s  v e r s i o n s  o f  a  s i n g l e  f ami ly  house.  
Energy consumption/year:  
f u e l  c o s t  
Design kwh ( t )  / a  o i l ,  l i t e r s / a  E U A * / ~  
Convent ional  
120 m2 (1978) 
KFA-IIASA r e f e r e n c e  
+ SES** 10000 
120 m2 (1977) 
P h i l l i p s  e x p e r i m en t a l  
+ SES** 8300 1186 
116 m2 (1976) 
* based on 0 ,20 EUA/l i ter  o f  h e a t i n g  o i l .  
* *  s o l a r  energy  system. 
t h e  house owner, a s  w e l l  a s  t h o s e  t o  t h e  s t a t e  i n  t e r m s  of  c o n t r i -  
b u t i n g  t o  t h e  improvement i n  t h e  b a l a n c e  o f  payments.  
E v e n t u a l l y ,  pe rhaps  i n  a  few y e a r s ,  t h e  u s e  o f  s o l a r  sys tems  
i n  commercial ,  a g r i c u l t u r a l  and i n d u s t r i a l  e n t e r p r i s e s  w i l l  r e a c h  
t h e  s c a l e  p o t e n t i a l  o f  t h e  r e s i d e n t i a l  u s e s .  I n  f a c t ,  t h e s e  sec- 
t o r s  c o u l d - b e  co n s i d e r ed  economical ly  more i n t e r e s t e d  t o  use  i n -  
n o v a t i v e  energy c o n c e p t s  a s  t h e  c o s t  o f  t h e  conven t i ona l  ones  
rise. R e g r e t f u l l y ,  t h e  u n c e r t a i n t i e s  and t h e  v a r i e t y  o f  p o s s i b l e  
u se s  of s o l a r  o p t i o n s  a r e  even g r e a t e r  h e r e  t h a n  i n  t h e  r e s i d e n -  
t i a l  s e c t o r .    he more d i s t i n c t - n e e d  f o r  h i g h e r  t empe ra tu r e s  s t i p -  
u l a t e s  t h e  u s e  of  more comglex hardware.  Y e t  it o u s h t  t o  be  re- 
a l i z e d  t h a t  i n  such c a s e s  a s  production o e a t ,  t h e  s o l a r  
sys tem need n o t  n e c e s s a r i l y  a t t a i n  t h e  l e v e l  of p r o c e s s  h e a t  re- 
q u i r e d ;  s i g n i f i c a n t  s av i n g s  a r e  a t t a i n a b l e  by p r e h e a t i n g  a s  w e l l .  
I t  i s ,  f o r  example, economica l ly  s i g n i f i c a n t  i f  a  p l a n t  r e q u i r i n g  
h o t  w a t e r  a t  900C h as  t o  u s e  f o s s i l  f u e l s  t o  h e a t  it up from a  
10°C s u p p l y  l i n e ,  o r  from s o l a r  p r ehea t ed  w a t e r  a t  s ay  4OOC o r  
h i g h e r .  The s p e c i f i c  d e t e r m i n a t i o n  must be  fo rmula ted  by 
-- energy  s a v i n g s  p o t e n t i a l  
-- o p e r a t i o n  and maintenance  c o s t  
-- a m o r t i z a t i o n  t i m e  of s o l a r  sys tem 
-- equipment up-dat ing  p r i o r i t i e s  
-- l o g i s t i c s  c o n s i d e r a t i o n s  
-- o t h e r  a p p l i c a b l e  t r a d e - o f f s .  
A v a r i e t y  of  f o c u s i n g  and t r a c k i n g  c o l l e c t o r  d e s i g n s  produces  
working f l u i d  t em p e r a t u r e s  from 1000C t o  o v e r  1000°C a t  near- term 
p r i c e s  from 50 , -  EuAjrn2 t o  400,- EuA/m2,  and f u t u r e  sys tem p r i c e s  
from 60, -  E U A / ~ ~  ( sys tem)  t o  o v e r  100,- E U A / ~ ~  ( sys tem)  . S i m i l a r  
u n c e r t a i n t i e s  p r e v a i l  as i n  t h e  low t empe ra tu r e  sys tems  spect rum,  
b u t  t h e  energy s t o r a g e  r e q u i r e s  o f t e n  l a r g e r  c a p a c i t i e s  a t  a cc ep t -  
a b l e  c o s t .  T y p i c a l  examples a r e  a i r - c o n d i t i o n i n g  sys tems ,  i r r i g a -  
t i o n  sys tems and p r o c e s s  s team g e n e r a t i o n .  Depending upon t h e  
a v a i l a b l e  i n s o l a t i o n  v a l u e s ,  a  50 kW(e) i r r i g a t i o n  u n i t  may re- 
q u i r e  400 t o  n e a r l y  1000 m2* of  p a r a b o l i c  d i s h  c o l l e c t o r s  w i t h  
s i n g l e - a x i s  t r a c k i n g  o f  t h e  sun.  C u r r en t  c o s t  of  such  a  system 
a v e r a g e s  173,- EuA/m2,  and i f  enough a r e  b u i l t  t h e  c o s t  cou ld  d r o p  
t o  abou t  60,-  E U A / ~ ~  ( s y s t e m ) ,  o r  abou t  500,-  EUA/kW(e). B e s t  
c o s t  l e v e l s  p r e s e n t l y  a r e  c l o s e r  t o  1500,- EUA/kW(e). 
Economic e v a l u a t i o n  o f  s o l a r  sys tems would be incomplete  
w i t h o u t  p h o t o v o l t a i c  sys tems.  T h e i r  c u r r e n t  a v a i l a b i l i t y  i s  p r i -  
m a r i l y  i n  two v e r s i o n s :  
( 1 )  Ar rays  of  s i l i c o n  ce l l s  ("60 we/mL) f o r  a b o u t  11200,- 
EUA/kW(e) t o  2  0000 ,- EUA/kW(e) . 
( 2 )  A r r ay s  of  cadmium s u l f i d e  + copper  s u l f i d e  cel ls  
("16 W-/m2)  f o r  abou t  16000,- EUA/kW(e) t o  40000,- 
The performance e s t i m a t e s  a r e  s u b j e c t  t o  i n s o l a t i o n  v a l u e s ,  o f  
c o u r s e .  Cos t  r e d u c t i o n s  i n  t h e  f u t u r e  shou ld  y i e l d  s i l i c o n  c e l l  
p a n e l s  f o r  ' abou t  1000 ,- EUA/kw (e)  , and t h e  cadmium s u l f i d e  ve r -  
s i o n s  f o r  ab o u t  500,- EUA/kW(e). Cont inu ing  r e s e a r c h  and develop-  
ment i s  aimed a t  
-- new m a t e r i a l  d e p o s i t i o n  p r o c e s s e s  and j u n c t i o n  manufac- 
t u r i n g  t e c h n i q u e s ,  
-- new a r r a y  f a b r i c a t i o n  and e n c a p s u l a t i o n  methods,  
-- new l i g h t / h e a t  t o  e l e c t r i c i t y  conve r s ion  concep t s .  
The e n c a p s u l a t i o n  p r o c e s s e s  a r e  economical ly  a s  s i g n i f i c a n t  a s  
t h e  manufac tu r ing  o f  ce l l s .  The p r i n c i p a l  approaches  a r e  
-- aluminum-framed a c r y l i c  and weatherproof  v i n y l ,  
-- s i l i c o n e  r u b b e r ,  
-- s i l i c o n e  r u b b e r  + t h e rma l  shock r e s i s t a n t  g l a s s ,  
-- s t r e n g t h e n e d  g l a s s  i n  f r o n t  + epoxy coa ted-meta l  i n  t h e  
back. 
Cost  r e d u c t i o n  i n  any o f  t h e s e  a r e a s  would a l s o  c o n t r i b u t e  t o  
o v e r a l l  economic chances  o f  t h e  p h o t o v o l t a i c  sys tems.  
* The l a r g e  a r e a  would b e  r e q u i r e d  i n  C e n t r a l  European l o c a t i o n ,  
where t h e  economic v i a b i l i t y  would b e  marg ina l  a t  b e s t .  
T a b l e  4 .  Comparison of  h e a t i n g  c o s t  e s t i m a t e s  f o r  s i n g l e  f a m i l y  
h o u s e s  i n  C e n t r a l  Europe.  
House type  Average g l o b a l  i n s o l a t i o n  Average g loba l  i n s o l a t i o n  
1100k~h (t) /m2. a I ~ ~ O I C W ~  (t) /m2 - a  
Heating Terraced family house Free s tanding  fami ly  house 
parameters " 12.5 kW(t) " 1 8  kW(t) 
Notes: *El. = e l e c t r i c  hea t ing ;  
SES RETRO = r e t r o f i t t e d  s o l a r  system wi th  o i l  hea t ing  back-up; 
SES INTEG = i n t e g r a t e d  s o l a r  system; 
D.H. = d i s t r i c t  hea t ing .  
A l l  1700 hours/a ,  20a l i f e  cyc le  and 10% i n t e r e s t .  
1 2 
1 Type of o i l  + 
heating* SES 
O i l  RETRO 
2 Heated 
a r e a ,  100 100 
m2 
3 Spec. 
h e a t  
demand 210 210 
%Wh(t) / 
m2.a 
4 Cost of 
hea t ing  
system, 3048 8760 
" E U  A 
5 Annual 
c o s t  of 
hea t ing ,  812 1352 
XUA/a 
6 T o t a l  
annual 
spec . 
c o s t  of 
hea t ing ,  8 , l  13 , 5  
= U A / ~ ~  a
3 8 The i n t e g r a t e d  s o l a r  system (EL + SES INTEGR) inc ludes  optimum 
j .nsulat ion,  h e a t  recovery from waste water and exhaust a i r  and 
e l e c t r i c a l l y  d r iven  heat-pump. E l e c t r i c  hea t ing  i s  t h e  back-up 
f o r  emergencies. Pas s ive  s o l a r  system included.  
EUA = European Uni t s  of Accounting ( taken a s  equiva len t  t o  US$1,25) . 
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A broad  spect rum o f  economic and commercial a s sessment  o f  
a l l  t h e s e  s o l a r  o p t i o n s  was p u b l i s h e d  by ISES i n  London [9]. The 
f i n d i n g s  a r e  c o n s i s t e n t  w i t h  a l l  t h e  o t h e r  s y n t h e s i z e d  s o u r c e s :  
"The u n c e r t a i n t i e s  a r e  t o o  numerous t o  d e l i n e a t e  r e l i a b l e  method- 
o logy  f o r  economic e v a l u a t i o n  o f  s o l a r  s y s t e m s " .  
SAMPLE CASES FOR CONTEMPORARY AND NEAR FUTURE BUILDINGS 
Comparison of  h e a t i n g  c o s t  e s t i m a t e s  f o r  a  t e r r a c e d  s i n g l e -  
f a m i l y  house and a  f r e e - s t a n d i n g  house  w i t h  a  v a r i e t y  o f  h e a t i n g  
systems, shown i n  T a b l e  4 ,  i l l u s t r a t e s  t h e  economics of  r e t r o f i t  
s o l a r  sys tems ,  and f u t u r e  i n t e g r a t e d  s o l a r  s y s t e m s ,  i n c l u d i n g  t h e  
u s e  o f  p a s s i v e  s o l a r  sys tems  i n  t h e  l a t t e r .  
I n  t h i s  compar ison,  t h e  h e a t i n g  o i l  p r i c e  i s  0,20 E U A / l i t e r .  
The e s t i m a t e d a n n u a l  c o s t  o f  h e a t i n g  i n c l u d e s  f u e l  c o s t ,  a m o r t i z a -  
t i o n  payments and main tenance .  The r e t r o f i t  s o l a r  sys tem t y p e  i s  
assumed- t o  s a v e  50% o f  h e a t i n g  o i l ,  and t h e  i n t e g r a t e d  s o l a r -  sys- 
t e m  i s  u s i n g  e l e c t r i c i t y  f o r  heat-pump and f o r  emergency stand-by 
h e a t i n g  (abou t  20% of h e a t  demand e s t i m a t e )  . 
The i n t e g r a t i o n  o f  p a s s i v e  s o l a r  h e a t i n g  i s  a  p r e r e q u i s i t e  
f o r  t h e  o v e r a l l  i n t e g r a t e d  s o l a r  sys tem ("SES INTEGR"). T h i s  
o f f e r s  a  new c h a l l e n g e  t o  a r c h i t e c t s  b e c a u s e  it a l s o  f a c i l i t a t e s  
t h e r m a l  s t o r a g e  ( i . e . ,  45 cm t h i c k  t h e r m a l  s t o r a g e  w a l l )  i n  a  
c o n c r e t e  m o n o l i t h ,  and /o r  i n  w a t e r  f i l l e d  p i l l a r s  (-3,20 EUA/kWht 
f o r  w a t e r ) .  F i g u r e  1 shows a  s c h e m a t i c  o f  t h e  e n t i r e  c o n c e p t .  
Movable i n s u l a t i o n  p a n e l s  f o r  s h i e l d i n g  t h e  l a r g e  window a r e a  i n  
f r o n t  o f  t h e  s t o r a g e  w a l l  would f u r t h e r  improve t h e  e f f i c i e n c y  
o f  t h e  system. Even phase  change m a t e r i a l s  c o u l d  b e  u s e d ,  s t o r -  
i n g  t h e  h e a t  i n p u t  d u r i n g  t h e i r  m e l t i n g  p h a s e ,  and r e l e a s i n g  it 
d u r i n g  t h e  s o l i d i f y i n g  phase .  
A l t o g e t h e r  f i v e  c o n c e p t s  f o r  a  p a s s i v e  s o l a r  sys tem may b e  
c o n s i d e r e d  when a p p r o p r i a t e  exposure  t o  t h e  sun  i s  a v a i l a b l e :  
( 1  ) Large ,  s o u t h  f a c i n g  window ( s )  i n  a  w e l l  i n s u l a t e d  
b u i l d i n g ,  where t h e  i n t e r i o r  w a l l s  and f l o o r s  a c t  a s  
t h e r m a l  s t o r a g e  media. I n  f a v o r a b l e  c a s e s ,  t h i s  can  
r e d u c e  t h e  c o n v e n t i o n a l  h e a t i n g  f u e l  demand by 50%. 
( 2 )  Thermal s t o r a g e  w a l l  ( o r  l i q u i d  f i l l e d  p i l l a r s )  behind 
a  l a r g e ,  s o u t h - f a c i n g  window, s e p a r a t i n g  t h e  incoming 
h e a t  from t h e  l iv ing /work  s p a c e s ,  and p r o v i d i n g  appro-  
p r i a t e  v e n t i n g  t o  i n d u c e  t h e r m a l l y  d r i v e n  a i r  c i r c u l a -  
t i o n .  
( 3 )  I n t e g r a t e d  a t r i u m  ( g r e e n  house )  on t h e  s o u t h  s i d e  o f  
t h e  b u i l d i n g ,  s e p a r a t e d  from t h e  l iv ing /work  s p a c e  by 
a  t h e r m a l  s t o r a g e  w a l l ,  equipped by v e n t i n g  open ings .  
( 4 )  Natural w i t h  working f l u i d  ( l i q u i d  o r  
o r  g a s )  h e a t e d  i n  c o l l e c t o r s  l o c a t e d  below t h e  s p a c e  
t o  b e  h e a t e d .  The sun-heated  working f l u i d  rises and 
s t o r e s  t h e  h e a t  w i t h i n  t h e  b u i l d i n g .  
SUN 
0 1. High  t e m p e r a t u r e  water  s t o r a g e  ( u p  t o  70 C )  
0 2 .  M o d e r a t e  t e m p e r a t u r e  w a t e r  s t o r a g e  ( u p  t o  50  C )  
0 - 3 .  Low t e m p e r a t u r e  water s t o r a g e  ( 3 0  t o  40 C), 
4 .  Was te  w a t e r  h o l d i n g  t a n k  ( h e a t  r e c o v e r y )  
5 .  H e a t  pump s y s t e m  
6 .  Air h e a t  r e c o v e r y  h e a t  e x c h a n g e r  
i n  a i r  plenum chamber 
7 .  T h e r m a l  s t o r a g e  w a l l  
F i g u r e  1 .  E l e m e n t s  o f  a n  i n t e g r a t e d  s o l a r  s y s t e m  i n  b u i l d i n g s .  
( 5 )  Roof pond w i t h  l i q u i d  ( o p t i o n a l l y  i n  p l a s t i c  b a g s )  ex- 
posed t o  t h e  sun d u r i n g  t h e  day and covered  by p a n e l s  
d u r i n g  t h e  n i g h t ,  f u n c t i o n s  a s  t h e r m a l  l o a d  l e v e l i n g .  
Combination o f  some o f  t h e s e  c o n c e p t s  p r o v i d e s  o p p o r t u n i t i e s  f o r  
nove l  a r c h i t e c t u r a l  d e s i g n s ,  dimensioned t o  t h e  g i v e n  c l i m a t i c  
c o n d i t i o n s .  The h e a t  s t o r i n g  s t r u c t u r e s  p r o t e c t  t h e  b u i l d i n g  
i n t e r i o r  from e l e v a t e d  t e m p e r a t u r e s  d u r i n g  t h e  s u n s h i n e  and t r a n s -  
m i t  t h e  s t o r e d  h e a t  t o  t h e  i n t e r i o r  o f  t h e  b u i l d i n g  a t  n i g h t .  Up 
t o  80% o f  t h e  a n n u a l  h e a t i n g  r e q u i r e m e n t s  can  b e  conse rved  i n  
f a v o r a b l e  l o c a t i o n s .  
I n  a d d i t i o n ,  h e a t  r e c o v e r x  from t h e  a i r  e x h a u s t ,  a s  w e l l  a s  
from t h e  w a s t e  w a t e r  p r o v i d e  h e a t  s o u r c e  f o r  t h e  heat-pumps and 
supp lementa l  ene rgy  f o r  t h e  s t o r a g e  t a n k s .  
Combination of  t h e  energy  c o n s e r v i n g  f e a t u r e s  i n  t h e  i n t e -  
g r a t e d  s o l a r  sys tem would y i e l d  f a v o r a b l e  r e s u l t s  f o r  l a r g e  b u i l d -  
i n g s  a s  w e l l .  T h i s  was r e c e n t l y  o u t l i n e d  f o r  a  70 u n i t s  "IIASA 
Hote l "  proposed i n  a  r e g i o n  w i t h  g l o b a l  i n s o l a t i o n  a v e r a g i n g  
-- 
1066 kwh ( t )  /m2-a and a  c o n v e n i e n t  a c c e s s  t o  a  r e l a t i v e l y  s h a l l o w  
w a t e r  t a b l e .  The f o l l o w i n g  i n t e r i m  s p e c i f i c a t i o n s  emerged from 
t h e  i n i t i a l  a s s e s s m e n t :  
B u i l d i n g  t y p e :  f i v e  s t o r e y  s t r u c t u r e  w i t h  70 room-un i t s ,  admini-  
s t r a t i v e  and r e c r e a t i o n a l  rooms and s p a c e  f o r  
c o n v e n t i o n a l  s e r v i c e s .  
T o t a l  a r e a  t o  b e  h e a t e d :  a b o u t  2600 m 2  
T o t a l  s p a c e  t o  b e  v e n t i l a t e d :  a b o u t  7800 m3 
Area o f  s o l a r  c o l l e c t o r s :  a b o u t  315 m Z  
2 S p e c i f i c  h e a t i n g  r e q u i r e m e n t s :  a b o u t  80 kWh(t)/m ' a  
Maximum w a t e r  h e a t i n g  r e q u i r e m e n t s :  100 k w h ( t ) / d  
Heat-pumps c a p a c i t y :  5  x 5  kW ( p e r f .  i n d e x  3,5-4.0)  
Main h o t  w a t e r  s t o r a g e :  a b o u t  500 m 3  
Stand-by h o t  w a t e r  s t o r a g e :  a b o u t  5  m 3  
Waste w a t e r  h o l d i n g  t a n k :  abou t  3  m 3  
A i r  plenum chamber: a b o u t  150 m 3  
Assuming h o t e l  occupancy o f  3 0 X m i n . ,  t h e  h e a t  r e c o v e r y  from w a t e r  
and from a i r  w i l l  b e  a  major  c o n t r i b u t i o n  t o  mee t ing  t h e  h e a t i n g  
demand o f  t h e  b u i l d i n g  ( e s t i m a t e d  n e a r  200 ~ ~ h ~ / y e a r )  , e q u i v a l e n t  
t o  30770 l i t e r s  of  h e a t i n g  o i l / y e a r .  The e s t i m a t e  o f  t h e  i n t e -  
g r a t e d  s o l a r  s y s t e m ' s  c o s t  i s  88200 EUA, and t h e  subsequen t  a n n u a l  
s a v i n g s  would be  abou t  18470 l i t e r  o f  h e a t i n g  o i l  e q u i v a l e n t  = 
3694 ~ U A / y e a r .  A m o r t i z a t i o n  of  t h e  i n v e s t m e n t  i s  (88200/10,1945) 
= 8652 E U ~ / y e a r  (20 a  @ 7 , 5 % ) ,  which t o g e t h e r  w i t h  t h e  c o s t  o f  
e lec t r i c  power i s  (8652 + 2460) = 11112 E U A / Y ~ ~ ~  ( a s  compared w i t h  
2648 + 6154 = 8802 E u A / ~  f o r  t h e  c o n v e n t i o n a l  o i l  h e a t i n g ) .  Such 
comparison i s ,  however, n o t  c o r r e c t  b e c a u s e  it d e a l s  w i t h  p r o t o -  
t y p e  sys tem c o s t  v s .  c o n v e n t i o n a l  sys tem c o s t .  Mass produced 
components f o r  t h e  i n t e g r a t e d  s o l a r  sys tem would b e  p r i c e d  n e a r  
42000 EUA, o r  4120 E U A / ~ ,  which y i e l d s  a n  e s t i m a t e  o f  (4120 + 
2460) = 6580 EUA/a, t h a t  would b e  c o m p e t i t i v e .  
A v a r i e t y  o f  s o l a r  sys tem i n s t a l l a t i o n s  i n  commercial ,  i n d u s -  
t r i a l  and a g r i c u l t u r a l  f a c i l i t i e s  can  b e  economica l ly  a t t r a c t i v e ,  
once  t h e  mass p r o d u c t i o n  of  s t a n d a r d i z e d  components and s o l a r -  
s p e c i f i c  sub-systems i s  i n  p r o g r e s s .  Each c a s e  w i l l  have t o  b e  
e v a l u a t e d  i n d i v i d u a l l y  t o  a v o i d  b u i l d i n g  m a r g i n a l ,  o r  even unprof -  
i t a b l e  systems.  
MARKETING POTENTIAL ASSESSMENT 
An a t t e m p t  t o  conduc t  r e a l i s t i c  e v a l u a t i o n  o f  t h e  market  f o r  
s o l a r  sys tems  i s  premature  a t  t h i s  t i m e  ( A p r i l  1 9 7 9 ) ,  b e c a u s e  of  
t h e  numerous u n c e r t a i n t i e s  o u t l i n e d  i n  t h i s  s y n t h e s i s .  A t  t h e  
t i m e  of  w r i t i n g ,  t h e r e  a r e  n e i t h e r  i n s t i t u t i o n a l  n o r  i n d u s t r i a l  
commitments t o  p u r s u e  l o g i c a l  measures f o r  t h e  a t t a i n m e n t  o f  a  
s i g n i f i c a n t  c o s t  r e d u c t i o n  of s o l a r  ene rgy  c o n v e r s i o n  hardware .  
Only s e n s i b l e  s t a n d a r d i z a t i o n  ( t o  a s s u r e  a v a i l a b i l i t y  of  f i t t i n g  
s p a r e s )  and mass p r o d u c t i o n  o f  t h e  hardware c a n  l e a d  t o  c o s t  re- 
d u c t i o n  r a t e s  exceed ing  i n f l a t i o n  r a t e s  and cop ing  w i t h  t h e  i n -  
c r e a s i n g  c o s t  o f  e n e r g y ,  which i s  a f t e r  a l l  one o f  t h e  key ele- 
ments i n  hardware c o s t .  Once t h e  needed measures  a r e  i n s t i t u t e d  
t h e  market  o t e n t i a l  i n  t h e  EEC c o u n t r i e s  a l o n e  w i l l  b u i l d  up t o  5 t h e  1 , 1 0 ( 1 0  ) ~ U ~ / y e a r  n o t e d  e a r l i e r  (page  7 ) .  The 240000 sys tems/  
y e a r  f o r  t h e  r e s i d e n t i a l  s e c t o r  a l o n e  i n  t h e  EEC c o u n t r i e s  would 
t h e n  be a  r e a s o n a b l e  g o a l  w i t h i n  t h e  i n d u s t r i a l  and economic 
framework. C o n s i d e r i n g  s p a r e s  and n e x t  phase  s t a r t - u p ,  a b o u t  10 
m i l l i o n  s q u a r e  meters of  f l a t  p l a t e  c o l l e c t o r s  p e r  y e a r  would 
be needed f o r  t h i s  o p t i o n .  I f  t e n  l a r g e  i n d u s t r i a l  f a c i l i t i e s  
a r e  a s s i g n e d  such a  t a s k ,  t h i s  p r o d u c t i o n  c a p a c i t y  c o u l d  b e  reached  
( w i t h  p r o p e r  p r i o r i t i e s )  i n  a b o u t  s i x  t o  s e v e n  y e a r s  ( a l l o w i n g  1  
t o  2  y e a r s  f o r  t o o l i n g  u p ) ,  d u r i n g  which t i m e  t h e  management would 
have t o  p u r s u e  t h e  "85% l e a r n i n g  c u r v e "  t o  m e e t  t h e  c o s t  r e d u c t i o n  
g o a l s  a s  w e l l .  Each of t h e  f a c i l i t i e s  would have t o  be  automated  
f o r  t h i s  t a s k ,  i n v o l v i n g  o n l y  a b o u t  50 men c r e w  i n  t h e  manufactur-  
i n g  p r o c e s s .  
Tab le  5 shows a  p o s s i b l e  d i s t r i b u t i o n  o f  t h e  marke t  i n  t h e  
EEC c o u n t r i e s ,  based  on t h e . 1 9 7 6 / 7 8  s t u d i e s  of  t h e  r e s i d e n t i a l  
and o t h e r  s e c t o r s  [ 2 , 8 ] .   valuation of  o t h e r  t h a n  r e s i d e n t i a l  
s e c t o r s  was n o t  p o s s i b l e  w i t h i n  t h e  s c o p e  (and r e s o u r c e s )  of t h i s  
s y n t h e s i s .  ~t i s ,  of  c o u r s e ,  c e r t a i n  t h a t  t h e  i n t e r e s t  o f  commer- 
c i a l  and i n d u s t r i a l ,  a s  w e l l  a s  a g r i c u l t u r a l  s e c t o r s  w i l l  grow i n  
r e l a t i o n  t o  t h e  i n c r e a s e s  o f  ene rgy  c o s t .  I t  i s  however,  t h e  re- 
s p o n s i b i l i t y  of  s o l a r  b u s i n e s s  e n t e r p r i s e s  t o  p r o v i d e  o b j e c t i v e  
g u i d e l i n e s  f o r  t h e  a p p l i c a t i o n  of  t h e  v a r i o u s  s o l a r  o p t i o n s  and 
d e l i n e a t e  t h e  t r a d e - o f f s  w i t h  a l t e r n a t e  approaches  t o  s t r e n g t h e n  
t h e  c a s e  f o r  s o l a r  sys tems  i n  t r u l y  u s e f u l  c o n f i g u r a t i o n s .  
T a b l e  5.  I n s t a l l a t i o n  r a t e s  o f  s o l a r  s y s t e m s  i n  EEC c o u n t r i e s - -  
b a s i c  s c e n a r i o .  
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c o n s t r u c t i o n  r a t e s ;  r e s i d e n t i a l  u n i t s ;  
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CONCLUSIONS AND RECOMMENDATIONS 
A s y n t h e s i s  o f  t h e  r e f e r e n c e d  1976/78 s t u d i e s  shows t h a t  
f o r m u l a t i o n  of  a  r e a l i s t i c  methodology f o r  economic e v a l u a t i o n  
o f  s o l a r  sys t ems  i s  n o t  f e a s i b l e  a s  y e t ,  b e c a u s e  o f  numerous un- 
c e r t a i n t i e s ,  d e s i g n  v a r i a b l e s  and  p r i c i n g  t e c h n i q u e s  t h a t  c a n n o t  
be  a d e q u a t e l y  c a t e g o r i z e d .  S o l a r  t e c h n o l o g y  i s  i n  t h e  d e v e l o p -  
m e n t a l  s t a g e .  I t s  s u c c e s s f u l ,  l a r g e  s c a l e  u s e  s t i p u l a t e s  s t a n -  
d a r d i z a t i o n  o f  d i m e n s i o n a l  c r i t e r i a  and  m a s s  p r o d u c t i o n  o f  t h e  
s o l a r - s p e c i f i c  components .  T h i s  s h o u l d  l e a d  t o  s i g n i f i c a n t  c o s t  
r e d u c t i o n  t h a t  i s  among t h e  key r e q u i r e m e n t s  f o r  a c c e l e r a t i n g  
u t i l i z a t i o n  o f  s o l a r  e n e r g y .  
I t  may t a k e  20 t o  50 y e a r s  f o r  e f f e c t i v e  d i f f u s i o n  o f  s o l a r  
s y s t e m s ,  depend ing  upon t h e  t r e n d s  i n  p e t r o l e u m  p r i c i n g  and  upon 
t h e  e v o l u t i o n  o f  o t h e r  a l t e r n a t e  e n e r g y  s y s t e m s .  An "end  p r o d u c t "  
o r i e n t e d  t e c h n o l o g y  a s s e s s m e n t  o f  s o l a r  o p t i o n s  i s  needed f o r  
commerc ia l ,  i n d u s t r i a l  and  a g r i c u l t u r a l  u s e s  o f  s o l a r  s y s t e m s ,  
s o  t h a t  t h e i r  economic v i a b i l i t y  i s  c l e a r l y  e s t a b l i s h e d ,  U n t i l  
t h a t  t i m e ,  c a r e  mus t  be e x e r c i s e d  t o  p r e v e n t  p r e m a t u r e  commit- 
men t s  i n  t o o  s ~ e c u l a t i v e  areas. The t i m e  f o r  f u l l  scale u s e  o f  
s o l a r  o p t i o n s  b i l l  u n d o u b t e d l y  a r r i v e - - b e i n g  p r e p a r e d  f o r  t h a t  
t i m e  must  be viewed as t h e  key i s s u e .  
Retrofit installations of solar systems for space and water 
heating are often marginal in their economic performance. Intensi- 
fied emphasis should be aimed at integrated solar systems and 
their optimization with other energy conserving methods for each 
category of specific applications. Combination of passive, active 
and ultimately photovoltaic systems, together with optimum insula- 
tion, heat-puips and heat recovery systems offer performance ad- 
vantages that may facilitate load leveling management and new 
energy distribution logistic. 
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